Diacylglycerol (DAG) is a fusogenic lipid that can be produced through phospholipase C activity on phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], or through phosphatidic acid (PA) phosphatase activity. The fusion of Saccharomyces cerevisiae vacuoles requires DAG, PA and PI(4,5) P 2 , and the production of these lipids is thought to provide temporally specific stoichiometries that are critical for each stage of fusion. Furthermore, DAG and PA can be interconverted by the DAG kinase Dgk1 and the PA phosphatase Pah1. Previously we found that pah1Δ vacuoles were fragmented, blocked in SNARE priming and showed arrested endosomal maturation. In other pathways the effects of deleting PAH1 can be compensated for by additionally deleting DGK1; however, deleting both genes did not rescue the pah1Δ vacuolar defects. Deleting DGK1 alone caused a marked increase in vacuole fusion that was attributed to elevated DAG levels. This was accompanied by a gain in resistance to the inhibitory effects of PA as well as inhibitors of Ypt7 activity. Together these data show that Dgk1 function can act as a negative regulator of vacuole fusion through the production of PA at the cost of depleting DAG and reducing Ypt7 activity.
| INTRODUCTION
The movement of vesicles in eukaryotic cells is tightly regulated to prevent the missorting of cargo. Each route of membrane trafficking in the endocytic and secretory pathways is regulated by homologous sets of proteins that are conserved throughout eukarya. The final stage of cargo delivery occurs through the merger of 2 distinct membranes in a fusion reaction catalyzed by SNARE proteins. 1 The fusion reaction pathway can be divided into stages that start with the disassembly of inactive cis-SNARE bundles. This process, known as priming, is executed by the SNARE chaperone NSF/Sec18 and its adaptor protein α-SNAP/Sec17. 2 Membranes are subsequently brought into contact by the activity of Rab GTPases and their cognate tethering effectors. 3 In Saccharomyces cerevisiae, vacuolar lysosomes undergo fusion with vesicles from the endocytic pathway, AP-3 coated membranes from the Golgi, autophagosomes, as well as with other vacuoles. [4] [5] [6] [7] Homotypic vacuole fusion requires the Rab Ypt7 and its effector complex Homotypic Fusion and Vacuolar Protein Sorting (HOPS) for tethering. 8, 9 During docking, trans-SNARE complexes form between partner membranes leading to the release of luminal Ca 2+ stores prior to fusion. 10 Docked vacuoles become tightly apposed forming a flattened region where they are in contact that is referred to as the boundary domain. The proteins and lipids that drive fusion become enriched at the edge of the boundary termed the vertex ring microdomain. [11] [12] [13] Fusion occurs around the vertex ring leading to the internalization of the boundary membrane and degradation of boundary-localized factors. Diacylglycerol (DAG) becomes enriched at the both the vertex and the boundary membrane leading to the potential degradation of this lipid after fusion occurs.
The regulation of membrane trafficking and fusion also involves a group of signaling lipids that play multiple roles in controlling these pathways. Yeast vacuole fusion requires DAG, phosphatidic acid (PA), as well as multiple phosphoinositides (PI) and ergosterol. 11, [14] [15] [16] [17] [18] [19] [20] During the docking stage of fusion, these lipids accumulate into membrane microdomains that organize the SNAREs, Ypt7, HOPS and actin at the site of fusion. 11, 16 The stoichiometry of these lipids is not static and requires the function of multiple lipid kinases, phosphatases and lipases at different time points to modify lipids to activate (or inactivate) their roles at each fusion stage. For instance, the PI 3-kinase Vps34 produces PI3P allowing the binding of Mon1, HOPS, and the soluble SNARE Vam7 leading to membrane tethering and docking. 18, [20] [21] [22] [23] Similarly, the PA phosphatase Pah1 converts PA to DAG leading to the transfer of PA-bound Sec18 to cis-SNARE complexes for priming. 19, 24 Pah1 is the yeast Lipin1 orthologue and its activity is required for endoplasmic reticulum and nuclear envelope homeostasis as well as lipid drop formation. 25, 26 In addition, we have found that Pah1 activity is required for endosomal maturation. Deletion of Pah1 leads to the exclusion of Vps34, Mon1, Ypt7 and Vps39 from vacuolar membranes causing vacuole fragmentation and abolished fusion. 18, 19 Others have shown that the activity of Pah1 can be countered by the DAG kinase of Dgk1 to replenish PA. 27, 28 The morphological defect of the endoplasmic reticulum and nuclear envelope seen in pah1Δ cells is reversed by the concomitant deletion of DGK1, illustrating the effects of interconverting PA and DAG on organelle homeostasis. DAG produced by Pah1 is used for the synthesis of triacylglycerol and the formation of lipid droplets as well as feeding into the Kennedy pathway for the production of phosphatidylethanolamine and phosphatidylcholine. 25, 29, 30 DAG is a fusogenic lipid due to the induction of negative curvature and destabilization of lipid bilayers. 31, 32 The fusogenicity of DAG is further demonstrated by its ability to promote the fusion of proteinfree liposomes. 33, 34 These features are linked to its requirement for efficient vacuole fusion.
In this study we examined the role of Dgk1 in vacuole fusion.
We first determined that deleting DGK1 in pah1Δ background strains did not restore the blocked endosomal maturation, fusogenicity or the vacuole fragmentation phenotype caused by deleting PAH1 alone.
This indicates that Pah1 and Dgk1 functions are not concurrent in vacuole homeostasis unlike their offsetting activities in other pathways. Importantly, the single dgk1Δ mutation led to an augmented fusion phenotype. We thus focused on finding the mechanism for the increased fusion of dgk1Δ vacuoles. These vacuoles contained elevated levels of the fusogenic lipid DAG that was further characterized with increased resistance to the inhibitory effects of PA and elevated Ypt7-mediated vesicle tethering.
| RESULTS

| Vacuole morphology and Dgk1 localization
Vacuole fusion requires the production and turnover of numerous signaling lipids including PA and DAG. 11, 15, 19 Multiple pathways feed into the production and interconversion of these lipids. DAG can be produced by the activity of Plc1 on PI(4,5)P 2 35 or Pah1 on PA. 26 PA can be produced by phospholipase D activity on PC or by Dgk1 on DAG. 27, 36 The production of DAG during vacuole fusion is important due to its fusogenic properties. 37, 38 DAG becomes enriched at the vertex ring and boundary membrane of docked vacuoles and regulates localization of SNAREs, Ypt7 and HOPS to the site of fusion.
We previously found that deletion or inactivation of PAH1 inhibited endosomal maturation that was characterized by vacuoles that lacked the late endosomal/lysosomal Rab Ypt7, the HOPS subunit Vps39, as well as the PI 3-kinase Vps34 and its product PI3P. 19 The lack of Ypt7 was due to the exclusion of its guanine exchange factor Mon1-Ccz1, which is recruited to membranes in part through its interactions with PI3P. 18, 21 Because deletion of DGK1 restores the effects of deleting PAH1 in other pathways we began by testing whether the double deletion would restore the pah1Δ vacuolar defects. We first examined whether the double deletion would restore pah1Δ vacuole morphology. We found that dgk1Δ cells exhibited wild-type vacuole morphology ( Figure 1A) . Curiously, the dgk1Δ pah1Δ double deletion cells were fragmented in a manner similar to pah1Δ cells. Thus, deleting both enzymes did not rescue the pah1Δ vacuole fragmentation phenotype or blocked fusion. This was not in keeping with the effects seen in restoring nuclear/endoplasmic reticulum morphology in other pathways. Quantitation of vacuole fragmentation is shown in Figure 1B .
Owing to the lack of an effect of deleting DGK1 on the pah1Δ
vacuole morphology phenotype we examined if Dgk1 was mislocalized in mutant cells. First, we visualized the distribution of Dgk1-GFP in wild-type whole cells. Figure 1C reported. 39 We also observed that the Dgk1-GFP ribbons were often adjacent to vacuoles and a fraction of Dgk1-GFP colocalized with FM4-64 suggesting that aside from the endoplasmic reticulum, vacuoles also harbor a portion of the enzyme. Dgk1-GFP localization was next examined in pah1Δ cells and we did not detect any appreciable differences in it localization relative to the wild-type parent strain. Because some Dgk1-GFP appeared to colocalize with vacuoles we further examined Dgk1 distribution by cell fractionation and immunoblotting. Yeast cells expressing Dgk1-HA were fractionated into crude lysate, cytosol, vacuoles, a total membrane pool as well as microsomes containing endoplasmic reticulum. The blots showed that Dgk1-HA was present in microsomes and vacuoles ( Figure 1D ). As a control, we probed for Dgk1-HA in the cytosolic fraction and found that this polytopic protein was absent. Ypt7 served as an enrichment marker for vacuoles. Sec61 served as a marker for resident endoplasmic reticulum components. Sec61 was detected in the vacuole fraction indicating that there was some contamination from the endoplasmic reticulum. Although this accounts for the majority of the Dgk1 detected in the vacuole fraction, it should also be noted that the ratio of Dgk1 to Sec61 is greater on vacuoles relative to the microsome fraction ( Figure 1E ). Together with the Dgk1-GFP localization it is apparent that a subpopulation of Dgk1 does indeed reside on the vacuolar membrane.
| Cells lacking DGK1 accumulate vacuolar DAG
To determine if deleting DGK1 would have an effect on vacuolar DAG levels we quantitated this lipid on vacuoles from wild-type and dgk1Δ cells. Neutral lipids were extracted from wild-type and dgk1Δ
vacuoles and resolved by thin-layer chromatography as described in the Materials and Methods section. Purified DAG was used to generate a standard curve in the first 6 lanes of the plate (Figure 2A ). Of the 5 trials run 3 were loaded onto the plate shown. We found that dgk1Δ vacuoles consistently contained more DAG than wild-type vacuoles. Figure 2B shows quantitation of 5 trials (P < .05). The DAG content of wild-type and dgk1Δ vacuoles was calculated using a standard curve of pure DAG and plotted as microgram of DAG per 150 μg of vacuole protein. These data indicate that vacuoles will accumulate DAG in the absence of Dgk1. However, this does not indicate whether the difference in DAG content is due to Dgk1 activity on the vacuole or whether the lack of DAG kinase activity elsewhere affects the total amount of this lipid trafficked to vacuoles.
| The absence of Dgk1 augments vacuole fusion
To further examine the consequence of deleting DGK1 on vacuole homeostasis we tested fusion efficiency. These experiments showed that dgk1Δ vacuole fusion was markedly increased by~40% relative to wild-type ( Figure 3A) , suggesting that the conversion of DAG to PA by Dgk1 negatively regulates fusion. This is in keeping with the notion that DAG is fusogenic and that Dgk1 activity is needed to reduce unchecked fusion. We next asked if the rate of fusion itself was increased for dgk1Δ vacuoles. The slope of the fusion curve for dgk1Δ vacuoles appeared to be steeper in comparison to wild-type.
However, this appearance could be due to normalizing fusion to the wild-type maximum. While this shows the overall increase in total fusion, it does not clearly show the initial rate of fusion. To better visualize the rate of dgk1Δ vacuole fusion we re-plotted the data as normalized to its own maximal fusion at the end of 90 minutes ( Figure 3A , red circles). This approach showed that the adjusted dgk1Δ fusion curve perfectly overlapped with that of wild-type vacuoles, indicating that the rates of fusion were identical and that the augmented fusion of dgk1Δ vacuoles was due to other factors.
We also asked whether the augmented fusion occurred during different rounds of fusion. To this aim we used a method shown to differentiate the first round of fusion from later events. 40 Previously we used this method to determine that deleting NHX1 only affected the FIGURE 3 Dgk1 suppresses vacuole fusion. A, Fusion reactions were performed using wild-type and dgk1Δ vacuoles. Reactions were incubated at 27 C for the indicated times and assayed for Pho8 activity. The red trace represents dgk1Δ fusion when normalized to its own maximum. vacuoles. H, Analysis of fusion components. Vacuoles were isolated from wild-type BJ3505 and RFY17 (BJ3505 dgk1Δ) (5 μg protein) and immunoblotted with antibodies against the indicated proteins. To examine the effect of deleting DGK1 on Pep4 trafficking, vacuoles were examined from DKY6281 and RFY18 (DKY6281 dgk1Δ). Error bars represent SEM. (n ≥ 3). *P < .05, **P < .01 (1-way ANOVA).
first round of fusion without affecting subsequent fusion cycles. 41 To detect the first round of fusion, a 5:1 excess of effector vacuoles (PEP4 pho8Δ) was used. For later rounds of fusion reactions used a 4:2 excess of reporter vacuoles (pep4Δ PHO8). Using this method we found that dgk1Δ vacuoles showed enhanced fusion for both early and late rounds of fusion ( Figure 3B ), suggesting that the effects of deleting DGK1 was consistent.
Although we have shown that the rate of full fusion and content mixing of dgk1Δ vacuoles matches that of wild-type, it was possible that the elevated levels of DAG could destabilize the bilayers enough to promote faster hemifusion. Thus, we next measured the mixing of outer leaflet lipids as a reporter for hemifusion. 16, 42 Here, a population of vacuoles is loaded with rhodamine conjugated PE (Rh-PE) at levels that quench fluorescence. Rh-PE labeled vacuoles are then incubated with an 8-fold excess of unlabeled vacuoles. Upon lipid mixing of labeled and unlabeled vacuoles the Rh-PE is diluted and the fluorescence is de-quenched. This approach showed that dgk1Δ vacuoles underwent lipid mixing at the same rate vs wild-type ( Figure 3C ). Also shown are the negative controls of excluding ATP or blocking priming with anti-Sec17 antibody. These data suggest that the fusion phenotype of dgk1Δ vacuoles was not due to an increased rate of fusion of a set amount of vacuoles but perhaps is a refection that more vacuoles are initially participating in fusion.
Because changes in fusion, as a measure of Pho8 activity, could theoretically be affected indirectly by altered activity of the reporter enzyme itself, we verified that the increased fusion of dgk1Δ vacuoles was real by performing a visual assay to measure changes in vacuole diameter. 40, 43 Here, vacuole reactions were treated with buffer, anti-Sec18 IgG or propranolol. Both inhibitors potently inhibit fusion at the priming stage. 2, 19 Propranolol is a β-adrenergic receptor blocker that also inhibits PA phosphatase activity, which is required for Sec18-mediated SNARE priming to occur. 24, 44 After incubation (90 minutes, 27 C), fusion reactions were placed on ice and stained with FM4-64 for fluorescence microscopy evaluation. In accord with the content mixing assay, we found that the diameters of dgk1Δ vacuoles were significantly larger relative to wild-type vacuoles ( Figure 3D , P < 0.05). Incubating reactions on ice as well as treatment with anti-Sec18 or propranolol blocked the increase in vacuole diameter demonstrating that changes in vacuole size were because of fusion.
To determine whether the kinase activity of Dgk1 was linked to the fusion enhancement, dgk1Δ strains were complemented with plasmids encoding either wild-type DGK or the inactivated kinase mutant DGK
D177A
. 28 Complementation with pDGK1 partially restored fusion to near wild-type levels ( Figure 3E ). The lack of full wild-type fusion restoration with complementation was thought to be due to plasmid loss during growth in non-selective medium for vacuole purification. Nevertheless, the difference in fusion between the dgk1Δ and complemented vacuoles was statistically significant (P < .05).
Moreover, the difference between wild-type fusion and the complement was not significant (P = .25). Complementation with the kinasedead mutant pDGK D177A did not reverse the increased fusion seen with dgk1Δ vacuoles ( Figure 3F ). These data show that the altered fusion seen with dgk1Δ vacuoles was directly due to the kinase activity of Dgk1.
In Figure 1A ,B, we showed that the dgk1Δ pah1Δ double deletion did not restore the vacuole fragmentation phenotype of pah1Δ alone. To further verify the effect of deleting DGK1 on pah1Δ vacuole function we tested the mutations in content mixing assays. We found that the dgk1Δ pah1Δ double deletion strains exhibited attenuated fusion similar to what occurs with the single PAH1 deletion ( Figure 3G ). As with the morphological examination of the double deletion strain, we concluded that the activities of these enzymes do not directly counterbalance each other with respect to vacuole homeostasis and fusion. For this reason we focused on the augmented fusion of dgk1Δ vacuoles for the remainder of the study.
Changes in fusion could be attributed to a variety of factors including changes in the concentration of regulatory proteins such as SNAREs. Others have shown that increased SNARE levels can enhance vacuole fusion. 45 Deletion of the ABC transporter Ybt1 and the casein kinase Yck3 has also been shown to increase vacuole fusion through distinct mechanisms. 43, 46 To assess if the elevated fusion of dgk1Δ vacuoles was due to changes in the fusion machinery we performed immunoblotting analysis of known regulators. No differences were observed between dgk1Δ vacuoles and wild-type ( Figure 3H ). Taken together we conclude that Dgk1 activity suppresses maximal vacuole fusion and that the increased fusion seen with dgk1Δ vacuoles was not due to a fault in the reporter systems or caused by increased levels of the core fusion machinery proteins.
| DGK1 deletion does not alter SNARE complex formation
Vacuole fusion can be augmented by the increase in the copies of SNAREs or by the improved efficiency of complex formation. 16, 45 As seen in Figure 3H , the amount of individual SNAREs was unaffected by deleting DGK1; however, their effectiveness is not apparent by immunoblotting alone. Thus we examined the efficiency of SNARE complex formation. This assay relies on blocking priming with antiSec17 IgG and its bypass by the addition of recombinant glutathione S-transferase (GST)-Vam7 to restore fusion. 47, 48 First, we determined if the dosage required for the bypass was different for dgk1Δ vacuoles relative to wild-type. Figure 4A shows the restoration of fusion upon addition of GST-Vam7 at the indicated concentrations.
This showed that dgk1Δ vacuoles responded to the addition of GSTVam7 at the same peak of efficacy compared with wild-type.
Next, we performed Vam7 bypass experiments to examine the formation of SNARE complexes and HOPS binding. We found that GST-Vam7 interacted with its cognate SNAREs Nyv1 and Vam3 with equal efficiency on either wild-type or dgk1Δ vacuoles ( Figure 4B ,C).
Hence, it appears that the altered fusion seen with dgk1Δ vacuoles was not due to increased SNARE complex formation. To verify that SNARE complexes were similarly active on both vacuole types we examined the efflux of luminal Ca 2+ stores that are released upon trans-SNARE complex formation. 10 Previously we have found that deletion of the ABC transporter Ybt1 strikingly delayed the kinetics of Ca 2+ efflux, which was linked to increased vacuole fusion. 43 However, there was no difference in the kinetics or amplitude of Ca
2+
release between dgk1Δ and wild-type vacuoles ( Figure 4D ). Together these data indicated that increased fusion of dgk1Δ vacuoles was not directly because of altered SNARE complex formation.
| Deletion of DGK1 confers resistance to PA
Previous studies showed that reducing, or blocking, DAG inhibited the enrichment of regulatory lipids at the vertex ring assembly and blocked fusion. 11, 15 We next asked if increasing DAG levels through the deletion of DGK1 would alter the role of regulatory lipids in fusion. To this aim we examined the effects of blocking regulatory signaling lipids on dgk1Δ vacuoles. We found that blocking the function of PI3P, PI4P, PI(4,5)P 2 and ergosterol with the ligands FYVE, FappPH, ENTH and filipin, respectively, inhibited dgk1Δ vacuole fusion indistinguishably from wild-type ( Figure 5A ). There was also no difference when PI3P and PI(4,5)P 2 were modified by the phosphatases MTM-1 and SigD, respectively. This indicated that the enhanced fusion phenotype was not due to additional changes in the core fusion machinery or due to off pathway mechanisms. Because Dgk1 activity altered DAG levels on isolated vacuoles we next tested if dgk1Δ vacuoles were less sensitive to the DAG ligand C1b. We found that C1b inhibited dgk1Δ vacuole fusion at the same concentration needed to block wild-type fusion ( Figure 5B ). This suggests that the change in DAG does not directly affect a protein-lipid interaction such as the binding of protein kinase C (PKC) to DAG on other membranes. 49 Instead it is likely that the augmented fusion is a result of an indirect effect such as changes in membrane curvature and fluidity. It is also possible that a population of DAG was inaccessible to
C1b by accumulating in the boundary membrane or by translocating across the bilayer. 11, 50 As is now evident, the conversion of PA to DAG by Pah1 is necessary for vacuolar SNARE priming. 24 Increasing PA concentrations through inactivation of Pah1 or through the addition of short-chain PA (diC8-PA) potently blocked fusion by sequestering Sec18 away from SNAREs in a PA-dependent manner. Thus, we asked if the increase in DAG on dgk1Δ vacuoles would shift the DAG:PA ratio in a way that would alter the sensitivity of fusion towards PA. To answer this we tested the effect of converting DAG to PA with recombinant His 6 -DgkB, the soluble DAG kinase from Staphylococcus aureus. 51 We found that DgkB potently inhibited wild-type vacuole fusion as well as fusion by dgk1Δ vacuoles ( Figure 5C ). However, there was a right-shift in the inhibition curves for dgk1Δ vacuole fusion that was statistically significant at 130 and 220 μg/mL (P < .05). Although the shift was not large it was consistent with needing more DgkB for the elevated level of DAG at the beginning of the reaction.
To further test the effects of increasing PA on fusion we added diC8-PA to fusion assays. As previously shown, the addition of diC8-PA had a marked inhibitory effect on the fusion of wild-type vacuoles ( Figure 5D ). Importantly, the inhibitory effect of excess PA was clearly reduced with dgk1Δ vacuoles. The inhibitory concentrations (IC) 50 of diC8-PA on wild-type vacuoles was 31.2 AE 5.1 μM whereas the IC 50 was 122.8 AE 15.2 μM for dgk1Δ vacuoles (*P < .05). The increased resistance of dgk1Δ vacuole fusion to diC8-PA suggests that the elevated levels of DAG lead to a requirement of more diC8-PA to fully inhibit fusion. Together these data indicate that the ratio of DAG to PA is a critical component of regulating vacuole fusion.
| Augmented dgk1Δ vacuole fusion is linked to enhanced Ypt7 activity
To test if the augmented fusion of dgk1Δ vacuoles was on pathway and regulated by the known machinery, we tested a panel of inhibitors that targeted the proteins that regulate vacuole fusion. IgG we also examined the efficacy of the GTPase activating protein Gyp1 and the Rab-GDP dissociation inhibitor Guanine nucleotide-dissociation inhibitor (GDI). We found that both proteins had rightshifted inhibition curves with dgk1Δ vacuole fusion. Figure 6C shows that dgk1Δ vacuole were less sensitive to 
| The dgk1Δ fusion effect is in parallel to the function of Yck3
In addition to the effect of deleting DGK1 on Ypt7 function shown here, LaGrassa and Ungermann found that deleting the type I casein kinase Yck3 resulted in fusion that was resistant to Gdi1 and Gyp7-
47
. 52 This was linked to augmented vacuole fusion. Yck3 activity reduces fusion by phosphorylating Vps41, Vam3 and Mon1.
18,52,53
The augmented fusion of dgk1Δ vacuoles is linked to Ypt7 function. A, Fusion reactions were performed using wild-type or dgk1Δ vacuoles. Individually, reactions were treated with PS buffer (control), or antibodies against Nyv1 (17 μg/mL), Vam3 (27 μg/mL),
Vps33 (5 μg/mL) or Ypt7 (8 μg/mL). B-D, Dose response curves of anti-Ypt7 IgG (B), Gyp1-46 (C) and GDI (D). Reactions containing wild-type of dgk1Δ vacuoles were incubated for 90 minutes at 27 C and tested for fusion. Error bars represent SEM. (n = 3). *P < .05 (1-way ANOVA).
The similar phenotypes of elevated fusion and increased Ypt7 activity in both yck3Δ and dgk1Δ vacuoles led us to ask if they shared a common pathway. We previously reported that the Ypt7 GEF Mon1-Ccz1 was phosphorylated by the casein kinase Yck3 leading to its release from the membrane. 18 Deletion of YCK3 or mutation of Mon1 phosphorylation sites prevented Mon1 from being released from the membrane during fusion. The influence of Yck3 on fusion is further illustrated through the inhibitory activity of adding exogenous recombinant His 6 -Yck3. 46 Together, the data suggest that Dgk1 and Yck3 lie on the same pathway of regulating vacuole fusion.
The experiments in Figure 7 address the connection between Dgk1 and Yck3. First, we immunoblotted for Yck3 on wild-type and dgk1Δ vacuoles and found that the kinase was present at equal levels on membranes from both strains ( Figure 7A ,B). This shows that Yck3 does not require Dgk1 for its recruitment to vacuoles. Next we examined if Yck3-dependent Mon1 release occurred on dgk1Δ vacuoles. Figure 7C shows that Mon1 was released at the same rate on both sets of vacuoles, indicating that Yck3 function was normal on dgk1Δ membranes. Figure 7D shows quantitation of Mon1 retention over time. Although Mon1 release was not affected on dgk1Δ we went on to test if the addition of recombinant Yck3 would differentially affect the 2 types of vacuoles. We found that added His 6 -Yck3 inhibited the fusion of wild-type and dgk1Δ vacuoles with identical dose responses ( Figure 7E ). Thus far, it appears that Yck3 and Dgk1 functions are likely in parallel pathways. To further determine if the underlying mechanisms of the dgk1Δ and yck3Δ fusion phenotypes are linked, we constructed yck3Δ dgk1Δ double deletion strains. We hypothesized that if the 2 functions were in parallel we would observed additive increases in vacuole fusion relative to either yck3Δ or dgk1Δ single deletions. The lack of further augmented fusion would suggest that the Dgk1 and Yck3 pathways overlap. We found that both yck3Δ and dgk1Δ single deletions had enhanced fusion as seen previously. Unexpectedly, the yck3Δ dgk1Δ double deletion fused to a similar extent as the wild-type parent strains ( Figure 7F , P > .05). The loss of augmented fusion suggests that Yck3 and Dgk1 function in different pathways. Although evidence is lacking, it is not unlikely that the altered function of Ypt7 due to the lack of Dgk1 was negatively affected by the retention of unphosphorylated Mon1 due to the lack of Yck3 resulting in a return to normal overall function. That said, further studies would be required to explore this possibility, which go beyond the scope of this study.
| Exogenously added DAG enhances fusion of wild-type vacuoles
Because dgk1Δ vacuoles contain increased levels of DAG, we next asked if adding the lipid exogenously to wild-type vacuoles would alter fusion. Previously we found that while vacuole fusion was inhibited with short chain phosphatidic acid (diC8-PA), fusion was not affected by diC8-DAG. 24 The effect of diC8-PA was attributed to the interaction of the PA headgroup with Sec18 to prevent SNARE priming. DAG on the other hand is directly fusogenic and transmits its effects on membranes through its acyl chains. Thus, the lack of an effect by diC8-DAG was attributed to the inability of short acyl chains to influence membrane curvature or bilayer stability. To better determine the effect of exogenous addition of this lipid we used long chain (16:0, 18:1) DAG to wild-type and dgk1Δ vacuole fusion reactions. We found that adding DAG enhanced the fusion wild type vacuoles by~17% at 5 nM while it had no effect on dgk1Δ vacuoles 
| The deletion of DGK1 restores the fusogenicity of mutant Vam7
Q283R
In previous studies we found that mutating the ionic zero layer of the Vam7 SNARE motif (Q283R) prevented anti-Sec17 bypass fusion. 48 trafficking. [58] [59] [60] Like DAG, PA induces negative curvature. 61 However the monophosphoester head group of PA adds a negative charge to the membrane that can play a role in binding proteins, including NSF/Sec18. 24, 62 Moreover, Pah1 activity is required during Sec18-mediated priming. 19, 24 Deletion of Pah1 leads to broad cellular defects including the enlargement of the endoplasmic reticulum and nuclear membranes, blocked lipid droplet synthesis and inhibited endosomal maturation. 18, 19, 25, 26 In other pathways, such as lipid droplet formation, the effects caused by deleting PAH1 can be countered by concurrent deletion of DGK1 illustrating that the interconversion of PA and DAG by Pah1 and Dgk1, respectively, can negate the effects of inactivating one of the enzymes. 25, 27 Importantly, it shows that the balance struck by these 2 enzymes is consistent during the homeostasis of some pathways. Unlike other pathways deleting DGK1 had no effect on the pah1Δ vacuolar phenotype ( Figure 9 ). This suggested one of two things. First, it is likely that the defect seen in pah1Δ vacuoles was not simply due to a steady-state imbalance of PA and DAG. It is possible that the PA:DAG ratio varies throughout the fusion pathway. For example, Pah1 activity is needed during priming, indicating that a reduction of PA and increase in DAG is necessary. 19 However, inhibiting Pah1 activity after priming has no effect on fusion, demonstrating that PA levels no longer need to be reduced. Our previous findings
show that DAG does not play a role during priming but is instead required after the formation of trans-SNARE complexes. 15, 16, 47, 48 This leads us to propose that the activities of Dgk1 and Pah1 are separated temporally on the fusion pathway making it unlikely to balance activities at any time. A second possibility is that DAG generated by Pah1 is fed into lipid synthesis pathways to generate phosphatidylethanolamine and phosphatidylcholine through the Kennedy pathway, or into the formation of triacylglycerol for storage. 25, 63 However, the latter is unlikely as lipid synthesis occurs at the endoplasmic reticulum and not the vacuole. Nevertheless, changes in lipid synthesis can propagate throughout the cell via membrane trafficking. ) . B, Lipid mixing using wild-type and dgk1Δ vacuoles in the presence of 5 nM DAG or buffer with an equivalent volume of ethyl alcohol (EtOH). C, Anti-Sec17 IgG bypass fusion reactions using wild-type or dgk1Δ vacuoles. Individual fusion reactions were treated with recombinant GST-Vam7 Q283R to stimulate fusion. Fusion reactions were incubated for 90 minutes at 27 C. Error bars represent SEM (n = 3). *P < .05, **P < .01 (1-way ANOVA).
Although both PA and DAG are essential for vacuole fusion, their exact function remains to be fully elucidated. DAG is a fusogenic lipid due in part to its intrinsic negative curvature in a membrane and ability to destabilize lipid bilayers and even trigger the fusion of proteinfree vesicles. [31] [32] [33] [34] DAG can also bind fusion regulators such as PKC through its C1 domain. 64, 65 PKC has been shown to affect membrane fusion by several pathways including the phosphorylation of NSF to regulate neurotransmitter release, or phosphorylating the SNARE Syntaxin4 to control thrombin release from platelets. 62, 66 That said, it has not been determined whether PKC activity occurs on isolated vacuoles.
Another potential reason for the enhanced fusion of dgk1Δ vacuoles is that skewing the lipid balance to have less PA vs DAG can have an effect on priming. In a separate study we found that PA binds Sec18 to prevent cis-SNARE complex association. 24 Conversion of PA to DAG by Pah1 releases Sec18 allowing it to engage cis- One of the striking findings of this study was that fusion showed decreased sensitivity to reagents that target Ypt7 activity. Our results showed that fusion gained varying levels of resistance to anti-Ypt7 antibody, the GAP Gyp1-46, and GDI. One interpretation of these results is that Ypt7 is more active on dgk1Δ vacuoles and that increased activity would manifest in augmented tethering. Even though measuring tethering efficiency is difficult to quantitate using light microscopy, we propose a model where the lipid composition of the vacuole modulates Rab activity. Alternatively, these results could reflect a reduced need of Ypt7 for dgk1Δ vacuole fusion.
How shown to reduce the ability of GDI to extract Rab7. 70 The authors subsequently drew the conclusion cholesterol plays a role in the Rab7 cycle. These studies are in keeping with our proposed model where membrane fluidity modulates Rab activity.
In summary, our observations indicate that the PA-to-DAG ratio, 
| MATERIALS AND METHODS
| Reagents
Reagents were dissolved in PS buffer (20 mM PIPES-KOH, pH 6.8, 200 mM sorbitol). Recombinant GST-FYVE, 71 His 6 -MTM-1, 72 GSTC1b, 65 His 6 -SigD, 73 GST-ENTH, 74 MBP-FAPP1-PH, 75 His 6 -DgkB, 51 GST-Vam7 and GST-Vam7 Q283R , 48 Gdi1, 
| Strains
Vacuoles from BJ3505 and DKY6281 were used for fusion assays (Table 1) . 81 Strains lacking PAH1 or YCK3 were described previously. 19, 82 DGK1 was deleted by homologous recombination using PCR products amplified using 5 0 -DGK1-KO and 3 0 -DGK1-KO primers with homology flanking the DGK1 coding sequence ( 
For Dgk1 localization by immunoblotting, yeast cells were fractionated into a total lysate, a total endomembrane fraction (membranes), cytosol, endoplasmic reticulum (microsomes) and vacuoles as previously described. 41, 85 For the total membrane preparation, yeast cells were resuspended in bead buffer (10 mM Tris/HCl, pH 7.4, 0.3 M sorbitol, 0.1 M NaCl, 5 mM MgCl 2 ) containing 1 mM PMSF at a density of 200 A 600 U/mL. Cells were disrupted with glass beads by vortexing in 5 1-minute pulses, with intermittent chilling on ice.
Lysates were centrifuged in a table-top centrifuge at 100g for 5 minutes to pellet large debris and the supernatants carefully withdrawn and transferred to ultracentrifuge tubes. The total membrane fraction was collected by centrifugation (100 000g, 1 hour, 4 C) and resuspended in PS buffer (20 mM PIPES-KOH, pH 6.8, 200 mM sorbitol).
The supernatant was saved as the cytosolic fraction. Endoplasmic reticulum derived microsomes were prepared as described. 86 Briefly, 
| Quantification of vacuolar DAG by thin-layer chromatography
Lipids were extracted from purified DKY6281 and dgk1Δ vacuoles (200 μg protein content) by the method of Bligh and Dyer then dried overnight under vacuum. 87 Purified lipids were resuspended in chloroform:methanol (2:1) before being resolved by neutral lipid thin-layer chromatography as previously described. 88 Briefly, Whatman Partisil 
| GST-Vam7 SNARE complex isolation and bypass fusion
SNARE complex isolation was performed as described previously using GST-Vam7. 23, 47, 48 Briefly, 6× fusion reactions were incubated with 85 μg/mL anti-Sec17 IgG to block priming. After 15 minutes, 2 μM Gyp1-56 or 2 mM propranolol were added to selected reac- 
| Ca 2+ efflux assay
Vacuole lumen Ca 2+ efflux was measured as described. 43 
| Lipid mixing
Lipid Mixing assays were conducted using rhodamine B DHPE (Rh-PE; Thermo Fisher) as described. 41 BJ3505 vacuoles (300 μg) were isolated and then incubated in 400 μL of PS buffer containing 150 μM After 40 minutes 0.45% (vol/vol) Triton X-100 was added and the final 10 measurements were averaged to give the value of fluorescence after infinite dilution (F TX100 ). The relative fluorescence change ΔF t /F TX100 = (F t − F 0 )/F TX100 − F 0 was calculated.
| Microscopy
Vacuole morphology was monitored by incubating yeast with YPD broth containing the vital dye FM4-64. 89 Cultures were grown to saturation, diluted to~0.2 OD 600 in YPD containing 5 μM FM4-64, grown for 1 hour in 30 C shaker, washed with PBS, and resuspended in dye-free YPD to chase the dye for 3 hours at 30 C. Cells were washed in PBS, mixed with 0.6% agarose and mounted on glass slides for observation. Images were acquired using a Zeiss Axio Observer Z1 microscope equipped with an X-Cite 120XL light source, Plan
Apochromat ×63 oil objective (NA 1.4) and an AxioCam CCD camera.
| Statistical analysis
Statistical analysis was calculated using 1-way ANOVA or 2-tailed paired t test. P values of ≤.05 were considered significant. The half maximal IC 50 were determined using Origin software (OriginPro 9.1 software, OriginLab).
